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Edited by Lukas HuberAbstract Retinal ganglion cells (RGCs) transfer visual infor-
mation to the brain and are known to be susceptible to selective
degeneration in various neuropathies such as glaucoma. This
selective vulnerability suggests that these highly specialized neu-
rons possess a distinct gene expression proﬁle that becomes al-
tered by neuropathy-associated stresses, which lead to the
RGC death. In this study, to identify genes expressed predomi-
nantly in adult RGCs, a global transcriptional proﬁle of puriﬁed
primary RGCs has been compared to that of the whole retina. To
avoid alterations of the original gene expression proﬁle by cell
culture conditions, we isolated RNA directly from adult RGCs
puriﬁed by immunopanning without prior sub-cultivation. Genes
expressed predominantly in RGCs included: Nrg1, Rgn, 14-3-3
family (Ywhah, Ywhaz, Ywhab), Nrn1, Gap43, Vsnl1, Rgs4.
Some of these genes may serve as novel markers for these neu-
rons. Our analysis revealed enrichment in genes controlling the
pro-survival pathways in RGCs as compared to other retinal
cells.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Mammalian retina is a complex tissue composed of neuro-
nal, glial, and vascular cell types among which retinal gan-
glion cells (RGCs) are the only type of output neurons that
send their axons to the visual cortex of the brain [1]. It is
now well established that the crosstalk between RGCs and
diﬀerent retinal cell types is critical for RGC survival [2–4].
In various neuropathies like glaucoma known to progress
with aging, RGCs die, while other retinal cells remain mostly
unaﬀected [5,6]. As an essential step to understanding the
molecular basis of such selective vulnerability, it is importantAbbreviations: GCL, ganglion cell layer; INL, inner nuclear layer;
ONL, outer nuclear layer; PRL, photoreceptor layer
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doi:10.1016/j.febslet.2005.12.017to characterize the molecular proﬁle of the fully diﬀerentiated
adult RGCs and determine how it diﬀers from other retinal
cells. Microarrays have been eﬀectively implemented in such
studies. Recent work reported successful isolation of juvenile
RGCs by immunopanning followed by in vitro cultivation for
the purposes of EST analysis [7]. However, this approach re-
lied on in vitro sub-cultivation, which is unlikely to work with
adult neurons due to their low survival rate in vitro [8]. Re-
cent advances in RNA ampliﬁcation have made it possible
to study gene expression in ultra-small samples, and even de-
tect diﬀerences between individual cell types within the same
tissue [9–11]. This approach allows gene expression proﬁling
of a small number of puriﬁed adult RGCs without an
in vitro cultivation, and eliminates potential concerns over cell
culture-induced alterations of the gene expression proﬁle. In
this work we performed microarray analysis using ampliﬁed
RNA extracted both from the retina and adult RGCs puriﬁed
by immunopanning without in vitro sub-cultivation. The
analysis of genes enriched in RGCs allowed us to identify
novel RGC markers and genes essential for survival and
homeostasis in these cells.2. Materials and methods
2.1. Isolation of RGCs
All experiments were performed in compliance with the ARVO
statement for use of animals in ophthalmic and vision research.
Brown Norway rats (250–300 g) were euthanized according to the IA-
CUC approved protocol. Eyes were enucleated and retinas were
mechanically dissected out. RGCs were isolated according to the
two-step immunopanning method reported earlier to yield 95–99%
enrichment for RGCs [12]. In order to preserve RNA and limit po-
tential gene expression changes we modiﬁed the procedure to shorten
the total treatment time to 4 h. Brieﬂy, the whole retinas were incu-
bated in papain solution (16.5 U/ml) for 30 min. To analyze similarly
treated samples, whole retina suspensions were sampled for RNA
extraction only at this point. In the next step macrophage and endo-
thelial cells were removed from the cell suspension by panning with
the anti-macrophage antiserum (Axell Accurate Chemical Corp.,
Westbury, NY). RGCs were speciﬁcally bound to the panning plates
containing anti-Thy1.1 antibody, and unbound retinal cells were re-
moved by washing with DPBS. Puriﬁed RGCs were released by tryp-
sin incubation and immediately processed for RNA extraction. To
eliminate the eﬀects of genetic variability and reduce the animal
group size, the comparison of the RGC expression proﬁle to that
of a whole retina was performed using samples derived from the same
animal.blished by Elsevier B.V. All rights reserved.
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RNA from whole retina and RGCs was extracted from three diﬀer-
ent biological samples. Processed individual samples from the same
animal contained about 100000 cells in each. Cells were collected, trea-
ted with the lysis buﬀer supplied with the Absolutely RNA Nanoprep
kit (Stratagene, USA), and RNA was puriﬁed using this kit according
to the manufacturer’s protocol. Prior to ampliﬁcation, the RNA qual-
ity was tested in each sample by qRT-PCR for Thy1, Vim, GFAP,
S100b, CD11b, CD34 and Actb (Supplement 1).2.3. RNA ampliﬁcation, labeling and array hybridization
Ampliﬁcation was performed using the Amino Allyl MessageAmpe
Kit (Ambion, USA), as described previously [11]. Ampliﬁed Rat Uni-
versal Reference RNA was labeled with Cy-3; experimental aRNAs
from retina and RGCs were labeled with Cy-5 dye (Amersham,
USA). Equivalent amounts of reference and experimental aRNAs were
hybridized with the Agilent Rat Oligo Microarrays (Agilent, USA)
according to the manufacturer’s instructions.2.4. Microarray image and data analysis
Each array was normalized for signal intensities across the whole ar-
ray and locally, using the Lowess normalization [13]. We analyzed only
those genes that passed quality control criteria described previously
[11]. To compare the gene expression levels in RGCs with those in
the retina, the ‘‘RGC/reference RNA’’ ratios were divided by the ratios
of ‘‘retina/reference RNA’’ obtained from the same animal. One class
SAM (http://www-stat.stanford.edu/tibs/SAM) with FDR <1% and
fold change of 2.0 was used to determine genes with consistent diﬀer-
ences in expression [14]. To verify the ‘‘RGC/reference RNA’’ micro-
array dataset for speciﬁcity to RGCs we compared our data with the
data from UniGene library (ID.14630) for RGCs [7]. Our dataset
was obtained as the result of the application of one class SAM
(FDR <1%) to identify genes with consistent ratios of ‘‘RGC/reference
RNA’’. The second dataset contained genes from the UniGene library,
which are present on the Agilent Rat Oligo microarray (1137 out ofTable 1
Functional annotation for the selected top genes enriched in RGCs
Gene R
Nrn1; neuritin 6.
Prph1; peripherin 1 5.
Gap43; growth associated protein 43 5.
Vsnl1; visinin-like 1 5.
Rgs4; regulator of G-protein signaling 4 4.
Nef3; neuroﬁlament 3, medium 4.
Ywhah; 14-3-3 family, eta polypeptide 4.
Ywhaz; 14-3-3 family, zeta polypeptide 3.
Sema6b; semaphorin 6B 3.
Nrp; neuropilin 1 3.
Rnd1; Rho family GTPase 1 3.
Plcb1; phospholipase C, beta 1 3.
Gsto1; glutathione S-transferase omega 1 3.
NCAML1; neural cell adhesion molecule L1 3.
Nﬂ; neuroﬁlament, light polypeptide 3.
Ptpn5; protein tyrosine phosphatase, non-receptor type 5 3.
Inpp4a; inositol polyphosphate-4-phosphatase, type 1 3.
Stmn2; stathmin-like 2 3.
Ret; Ret proto-oncogene 3.
Nrg1; neuregulin 1 2.
Rgs3; regulator of G-protein signalling 3 2.
Map2k1; mitogen activated protein kinase kinase 1 2.
Pik3r1; phosphatidylinositol 3-kinase, regulatory subunit, polypeptide 1 2.
Coch; coagulation factor C homolog, cochlin 2.
Ywhab; 14-3-3 family, beta polypeptide 2.
Fbxo2; F-box only protein 2 2.
Nell2; Nel-like 2 homolog 2.
Calb2; Calbindin 2 (Calretinin) 2.
Ywhag; 14-3-3 family, gamma polypeptide 2.
Grb2; growth factor receptor bound protein 2 2.1792 in the UniGene library). Selected genes were classiﬁed according
to Gene Ontology category ‘‘biological process’’ using Onto-Express
(http://vortex.cs.wayne.edu/Projects.html) [15].
2.5. qRT-PCR, in situ hybridization, immunocytochemistry
For qRT-PCR, in situ hybridization and immunocytochemistry we
applied standard techniques; brief protocols including the table of
primers are included in Supplement 1.3. Results
3.1. RGC and retina speciﬁc gene expression
We compared both RGC and retina speciﬁc gene expression
proﬁles using 2.0-fold change as a threshold and identiﬁed 326
genes enriched in RGCs, and 330 genes enriched in the whole
retina (Supplements 2 and 3; Table 1). Relative transcript
enrichment detected by microarrays was conﬁrmed by qRT-
PCR for 21 genes randomly selected from both the RGC and
retina gene groups (Table 2). Functional classiﬁcation of a sub-
set of RGC-enriched transcripts is shown in Table 1. Several
genes, like Amhr2 and Rgn, were under-represented in the ret-
ina and for this reason were not detected by microarrays with
retina samples. For those genes we performed qRT-PCR and
used the data to calculate the RGC/retina ratios (included in
Table 2). Analysis of the main gene ontology (GO) categories
revealed that genes vital for neurogenesis and survival were en-
riched in RGCs; conversely, genes essential for visual percep-
tion were enriched in the whole retina. Notably, about two
thirds of the diﬀerentially enriched transcripts belonged to
ESTs, some of which potentially representing novel genes.GCs/retina FDR Function
18 0.088 Promotes neurite outgrowth
35 0.088 Cytoskeleton organization
22 0.088 Neurite outgrowth and nerve regeneration
01 0.088 Calcium dependent signalling
85 0.287 G-protein coupled receptor signaling
32 0.088 Cytoskeleton organization
08 0.088 Negative regulation of apoptosis
91 0.088 Mitochondrial import stimulation factor
82 0.238 Neurogenesis and axon guidance
59 0.088 Neuronal development
57 0.895 Neuritic process formation
52 0.287 Production of the second messenger molecules
40 0.446 Metabolism
39 0.088 Neural and glial cell adhesion
34 0.088 Cytoskeleton organization
24 0.088 Regulating the duration of ERK activation
19 0.088 Phosphatidylinositol-3,4-bisphosphate
4-phosphatase activity
12 0.895 Microtubule depolymerization and
synaptic plasticity
07 0.355 Neurogenesis
86 0.789 Neural and organ development
76 0.355 G-protein coupled receptor signaling
73 0.088 Signal transduction
66 0.088 Negative regulation of apoptosis
41 0.789 Perception of sound
34 0.088 Signal transduction
30 0.355 Maintaining neurons in a postmitotic state
22 0.287 Growth and diﬀerentiation of neural cells
22 0.713 Calcium ion binding
17 0.713 Signal transduction
15 0.088 Signal transduction
Table 2
Validation of microarray data for randomly selected genes by
quantitative RT-PCR






Amhr2a 42.1 Only RGCs Yes
Apoe 11.2 12.5 Yes
Cfh Only retina 3.41 Yes
Cocha 2.60 2.41 Yes
Gap43a 4.70 5.22 Yes
Map2k1 1.92 2.73 Yes
Nrg1a 2.55 2.86 Yes
Nrn1 7.00 6.18 Yes
Nrpa 3.14 3.59 Yes
Pik3r1a 3.49 2.66 Yes
Pls3a 4.90 5.67 Yes
Pros1 Only retina 6.50 Yes
Prph1a 6.06 5.35 Yes
Rgna 36.5 Only RGCs Yes
Rgs4 5.83 4.85 Yes
Tgfb2 3.74 5.57 Yes
Thy1 3.13 1.68 Yes
Vsnl1 3.89 5.01 Yes
Ywhab 2.75 2.34 Yes
Ywhah 5.72 4.08 Yes
Ywhaz 2.06 3.91 Yes
a–RGC-enriched genes ﬁrst identiﬁed in this study.
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A total of 8069 genes (out of 20500) passed the quality con-
trol criteria, and showed consistent results in all experiments
with RGC-derived samples. To further verify this gene set as
being RGC-speciﬁc, we searched it for the established RGC
markers and compared it to the published EST data generated
from juvenile rat RGCs [7]. The microarrays used in our exper-
iments contained 1137 genes previously identiﬁed by the EST
analysis, 864 (76%) of these genes were also present in the
RGC-derived gene set. Notably, the overlapping genes in-
cluded RGC markers Thy1, Nef3, Nﬂ, Nefh, Calb2 [16–18],
as well as genes that were enriched in RGCs compared to ret-Fig. 1. Photomicrograph of in situ hybridization of ﬁxed rat retina slices with
and F – sense (control) probes. The bulk of speciﬁc DIG labeling (blue) localiz
interpretation of the references to color in this ﬁgure legend, the reader is reina according to our results: 14-3-3 genes family, Nrn1, Stmn2,
Rgs4, Rgs3, Vsnl1 (Table 1). The set of 326 RGC-enriched
genes identiﬁed in this study had 66 genes common with the
EST gene set. The expression of 260 non-overlapping genes
was a novel ﬁnding (Supplement 4). Out of 260 genes nine were
conﬁrmed by qRT-PCR (Table 2), seven others were the estab-
lished RGC (Uchl1 [19]), or neuronal markers (Prph1, Gap43,
Sema6b, Nrp, NCAML1, Nrg1 see Table 1).
3.3. Conﬁrmation of RGC-speciﬁc gene expression
Location of signal distribution in our in situ hybridization
experiments was carried out by screening for the RGCs based
on their characteristic appearance (large round cell bodies
ﬁlled with nuclei [20]) and location (ganglion cell layer
(GCL) of the retina). We examined cellular localization of
transcripts Ywhah (14-3-3 eta), Rgn and Nrg1 that were highly
enriched in RGCs according to our microarray data. Our re-
sults conﬁrmed the relative accumulation of these transcripts
in the GCL of the rat retina (Fig. 1). We also examined cellular
distribution of Nrg1 and 14-3-3 zeta/beta proteins, which were
markedly enriched in RGCs in both microarray and qRT-PCR
data (Table 2). Representative images shown in Fig. 2 demon-
strate a prominent immunostaining for Ywhaz/Ywhab and
Nrg1 localizing primarily in the GCL, and to a lesser extent,
in the inner nuclear layer (INL) of the retina. Speciﬁc labeling
localized in the RGC cytoplasm and processes (Fig. 2).4. Discussion
In this study we aimed to identify genes preferentially ex-
pressed in the adult rat RGCs. To achieve this we developed
and successfully used a technique for microarray proﬁling
the gene expression of RGCs puriﬁed by the immunopanning
technique. This technique was earlier reported to produce up
to 99% pure isolations of both newborn and juvenile RGCs
after in vivo sub-cultivation [7,12]. However, it has never beenthe anti-sense probes for 14-3-3 (A), Rgn1 (B) and Nrg1 (C) genes; D, E
ed to the ganglion cell layer (GCL) of the retina. The bar is 50 lm. (For
ferred to the web version of this article.)
Fig. 2. Immunostaining for 14-3-3 beta/zeta (red) and Nrg1 (green) in rat retina conﬁrmed preferential expression of these proteins in the cytoplasm
of RGCs (arrows). In addition, staining for the both marker genes was evident in the RGCs processes (arrows) and the INL (14-3-3 only, yellow
arrowhead). Nuclei were stained with DAPI (blue). The bar is 50 lm; inserts – 10 lm.
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fail to survive in vitro. Here we showed that ampliﬁcation of
total RNA from puriﬁed adult RGCs could be successfully
used for microarray proﬁling. This method eliminates the need
to sub-cultivate adult RGCs. The reference-based experimen-
tal design allowed for the comparison of gene expression data
with future experimental data.
4.1. RGC-enriched and marker genes
Both the signiﬁcant overlap (76%) with published EST data
[7] and the presence of all major RGC marker genes among the
8069 genes detected by the microarray data conﬁrms the good
quality of both RGC puriﬁcation and RNA isolation. These
factors also indicate that most of the genes of interest in the
microarray results are expressed in these neurons. The 66 genes
enriched in RGCs vs. retina common with the published EST
gene set encode proteins that could be used as novel RGCs
markers (Table 1). Members of the 14-3-3 protein family
known for their pro-survival functions [21] were also found
in this group. Our data showed two to ﬁvefold enrichment in
RGC vs. retina for four out of seven characterized 14-3-3 genes
(Ywhah, Ywhaz, Ywhab, Ywhag). Moreover, among the 326
RGC-enriched genes identiﬁed in this study are several poten-
tially useful markers such as, Nrg1,Rgn, Gap43, Nrn1, Vsnl1
and Rgs4. Immunohistochemistry for two of these markers
(Ywhaz/Ywhab and Nrg1) conﬁrmed the microarray data
and showed signiﬁcant enrichment of these proteins in RGCs
(Fig. 2).4.2. Functional classiﬁcation of the enriched genes
Being one of the most metabolically active and energy-
demanding cell types in the mammalian body, RGCs rely on
the increased activity of pro-survival genes to sustain their nor-
mal function [22,23]. Our analysis of RGC-enriched genes re-
vealed among them Nrg1, Rgn and Nrn1, known for the pro-
survival functions [24–26]; these genes may be potential novel
RGC markers. A number of genes encoding components and
modulators of the pro-survival PI3K/AKT signaling pathways
were also found enriched in RGCs: Inpp4a [27], Pik3r1 [28],
Grb2 [29] and Map2k1 [30]. Activated Akt has been shown
to mediate cell survival by phosphorylation of several targets
including Bad [31]. The sequestration of phosphorylated Bad
and Bax by 14-3-3 proteins leads to release of anti-apoptotic
proteins Bcl-xL or Bcl-2, and promotes survival [21]. Signiﬁ-cant enrichment of RGCs in 14-3-3 proteins suggests a critical
role for these proteins in preserving RGC homeostasis. Along
with a number of genes implicated in neurogenesis, genes in-
volved in neurite outgrowth, axon guidance and regeneration
were also enriched in RGCs (Table 1 and Supplement 2).
In conclusion, we demonstrated in this work that puriﬁed
adult RGCs could be successfully analyzed by microarrays.
Our approach has been successful in identifying novel cell
markers and genes essential for the metabolism and survival
of these neurons.
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